The existence of enteric dopaminergic neurons has been suspected; however, the innervation of the gut by sympathetic nerves, in which dopamine (DA) is the norepinephrine precursor, complicates analyses of enteric DA. We now report that transcripts encoding tyrosine hydroxylase (TH) and the DA transporter (DAT) are present in the murine bowel (small intestine Ͼ stomach or colon; proximal colon Ͼ distal colon). Because sympathetic neurons are extrinsic, transcripts encoding TH and DAT in the bowel are probably derived from intrinsic neurons. TH protein was demonstrated immunocytochemically in neuronal perikarya (submucosal Ͼ Ͼ myenteric plexus; small intestine Ͼ stomach or colon). TH, DA, and DAT immunoreactivities were coincident in subsets of neurons (submucosal Ͼ myenteric) in guinea pig and mouse intestines in situ and in cultured guinea pig enteric ganglia. Surgical ablation of sympathetic nerves by extrinsic denervation of loops of the bowel did not affect DAT immunoreactivity but actually increased numbers of TH-immunoreactive neurons, expression of mRNA encoding TH and DAT, and enteric DOPAC (the specific dopamine metabolite). The fetal gut contains transiently catecholaminergic (TC) cells. TC cells are the proliferating crest-derived precursors of mature neurons that are not catecholaminergic and, thus, disappear after embryonic day (E) 14 (mouse) or E15 (rat). TC cells appear early in ontogeny, and their development/survival is dependent on mash-1 gene expression. In contrast, the intrinsic TH-expressing neurons of the murine bowel appear late (perinatally) and are mash-1 independent. We conclude that the enteric nervous system contains intrinsic dopaminergic neurons that arise from a mash-1-independent lineage of noncatecholaminergic precursors.
Introduction
The enteric nervous system (ENS) is larger and more complex than other regions of the PNS, reflecting the ability of the ENS to regulate enteric behavior in the absence of CNS input Gershon, 1999; Furness, 2000) . Uniquely, the enteric plexuses contain intrinsic primary afferent neurons and interneurons that enable the ENS independently to mediate integrative responses to local stimuli. Many of the small molecule neurotransmitters that are found in the CNS have also been identified in the ENS. These include ACh (Steele et al., 1991; Neunlist et al., 1999; Cooke, 2000; Furness, 2000; Galligan et al., 2000) , norepinephrine (NE) (Leibl et al., 1999) , 5-HT (Gershon, 2000) , GABA (Krantis, 2000) , and glutamate (Liu et al., 1997; Kirchgessner, 2001) . All are the neurotransmitters of intrinsic enteric neurons, except NE, which is restricted to the enteric projections of extrinsic (sympathetic) neurons Keast et al., 1984; Leibl et al., 1999) . Although the bowel contains dopamine (DA) (Eaker et al., 1988) , it has been difficult to determine whether enteric DA is present in intrinsic neurons or, because DA is the precursor of NE, in the sympathetic innervation.
Indirect evidence supports the existence of enteric dopaminergic neurons: (1) DA immunoreactivity has been reported in gastric nerve fibers, and DA is released from the corpus of the guinea pig stomach by nerve stimulation (Shichijo et al., 1997) ; (2) enteric DA transporter (DAT)-immunoreactive nerves have been observed (Mitsuma et al., 1998) ; (3) the specific DA metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) has been found in mouse intestine (Eaker et al., 1988) ; (4) the ratio of DA to NE is higher in the bowel than in other peripheral organs (Eaker et al., 1988) ; (5) enteric DA is depleted by 6-hydroxydopamine (Eaker et al., 1988) ; and (6) pharmacological studies of transgenic mice lacking DAT have suggested that the mouse colon may normally contain inhibitory dopaminergic neurons (Walker et al., 2000) . Human enteric DA and DA-immunoreactive myenteric neurons have also been reported; moreover, DA is depleted from ganglion-containing layers of the gut in Parkinson's disease, which affects dopaminergic neurons (Singaram et al., 1995) .
Transiently catecholaminergic (TC) cells are abundant in the murine bowel between embryonic day (E) 11 and E14 (Baetge and Gershon, 1989) . TC cells, which express tyrosine hydroxylase (TH) and dopamine ␤-hydroxylase (DBH), also contain and take up NE (Cochard et al., 1978; Teitelman et al., 1978 Teitelman et al., , 1981 Jonakait et al., 1979; Gershon et al., 1984b) . TC cells are proliferating neuronal precursors (Teitelman et al., 1981; Baetge and Gershon, 1989; Baetge et al., 1990a,b) that express and share a dependence on the transcription factor mash-1 (Blaugrund et al., 1996) . When TC cells terminally differentiate and acquire their definitive neurotransmitter, such as 5-HT, they lose TH, NE, and high-affinity uptake of NE. If enteric dopaminergic neurons exist, therefore, they would have to develop from a separate, late-arising, mash-1-independent neuronal lineage.
The current study was undertaken to test the hypothesis that the mouse intestine contains intrinsic dopaminergic neurons. We used immunoblots, immunocytochemistry, and reverse transcription (RT)-PCR to determine whether intrinsic enteric neurons express dopaminergic markers, including TH, DA, and DAT. Lineage was investigated by comparing perinatal wild-type and transgenic mice that lack mash-1. Our observations strongly support the idea that the mouse intestine contains intrinsic dopaminergic neurons that arise late in ontogeny from a mash-1-independent lineage of precursor cells.
Materials and Methods
Animals and tissue preparation. Adult CD-1 mice (25-30 gm) and guinea pigs (200 -350 gm) (Charles River, Wilmington, MA) of either sex were used for these studies. Transgenic mice lacking mash-1 were obtained from Dr. David Anderson (California Institute of Technology, Pasadena, CA) and have been described previously (Guillemot et al., 1993; Lo et al., 1994; Blaugrund et al., 1996) . Adult mice and guinea pigs were killed for experimental purposes by CO 2 inhalation. This procedure was approved by the Animal Care and Use Committee of Columbia University. Perinatal animals were anesthetized on ice and killed by decapitation. The brain, stomach, duodenum, ileum, and proximal and distal colon were removed from the animals and processed for molecular and histological studies. Mice that lacked the mash-1 transcription factor were obtained from timed pregnant C57BL6/J mice carrying a null allele in the mash-1 locus. mash-1Ϫ/Ϫ mice were identified by PCR analysis of a small piece of liver that was removed from each fetus, as described previously (Blaugrund et al., 1996) . Fetuses were removed from pregnant dams at E17. The day at which a vaginal plug was found was designated as day 0 gestation.
RNA extraction and preparation of cDNA. The brain, stomach, duodenum, ileum, and proximal and distal colon were collected in PBS (0.9% NaCl in 0.01 M sodium phosphate buffer, pH 7.4), which had been treated with 0.1% diethyl pyrocarbonate (depc-PBS). After the wall of each piece of gut was opened, the tissue was cleaned with depc-PBS and transferred to Trizol (Invitrogen, Carlsbad, CA) for extraction of total RNA, which was isolated according to the manufacturer's instructions and stored at Ϫ80°C for additional use. Samples of cDNA were generated by reverse transcription with 3 g of total RNA, 0.5 g of random hexamer primers, 0.5 mM dNTPs, 40 U of RNAsin, and 400 U of Maloney murine leukemia virus reverse transcriptase (Life Technologies), in a 30 l reaction volume.
PCR. Pairs of oligonucleotide primers for amplification of cDNA encoding ␤-actin, DAT, and TH were designed from published cDNA sequences of mouse ␤-actin, DAT, and TH (Table 1) . PCR reactions for DAT were performed for 35 cycles (94°C for 30 sec, 57°C for 60 sec, and 72°C for 30 sec). Because transcripts encoding ␤-actin and TH were abundant, only 30 cycles of amplification were used for ␤-actin (94°C for 30 sec, 57°C for 45 sec, and 72°C for 30 sec) and TH (94°C for 30 sec, 58°C for 60 sec, and 72°C for 30 sec). The identity of PCR products was confirmed by sequence analysis. For this purpose, PCR products were subcloned into pGEM-T Easy vectors (Promega, Madison, WI) by using the TA-cloning kit (Invitrogen, San Diego, CA) . Inserts in two individual clones were sequenced by the dideoxynucleotide chain termination method (in the DNA Facility of Columbia University). The sequences of the PCR products obtained from brain and gut with the indicated primers were found to be identical to those of the corresponding GenBank sequences in cDNAs encoding mouse ␤-actin, DAT, and TH.
Real-time PCR. Real-time PCR was used to quantify mRNA encoding DAT and TH in the mouse stomach, duodenum, ileum, and proximal and distal colon. The expression of DAT and TH was normalized to that of ␤-actin, a housekeeping gene that is not thought to be subject to regulation. Transcripts encoding ␤-actin in samples of mouse gut were first quantified by real-time PCR with the SYBR Green I kit (Roche Molecular Biochemicals, Indianapolis, IN) using a LightCycler instrument (Roche). Measurements were obtained by referring to standard curves that were prepared by serially diluting plasmid DNA encoding DAT, TH, and ␤-actin. The dilutions of ␤-actin and TH plasmid DNA ranged from 1 pg to 10 ng in five series, each of which covered a 10-fold range. Plasmid DNA encoding DAT was diluted serially from 0.01-100 pg, again in five series, each of which covered a 10-fold range.
Amplifications were performed in a final volume of 20 l of a commercial reaction mixture (Roche) that contained TaqDNA polymerase, reaction buffer, dNTPs in which dTTP is replaced by dUTP, SYBR Green I dye, and MgCl 2 . The primers for the amplification of cDNA encoding ␤-actin, DAT, and TH were used at a final concentration of 0.3 M. The final concentration of MgCl 2 was 2.5 mM for the amplification of ␤-actin, 4 mM for that of DAT, and 3 mM for that of TH. To this mixture were added 2 l of either the serial diluted plasmid DNA (standards) or the cDNA prepared from tissue. The standards and the cDNA from tissues were subjected simultaneously to real-time PCR analysis in parallel capillary tubes. Within the instrument, the reaction mixture was first incubated for at 95°C for 30 sec to denature the template DNA. Amplification was then performed for 40 cycles, each involving denaturation at 95°C for 0 sec, annealing for 5 sec at 57°C (DAT and ␤-actin) or 58°C (TH), and elongation at 72°C for 21 sec (DAT), 14 sec (TH), or 24 sec (␤-actin). The appearance of double-stranded DNA was quantified by measuring the fluorescence of SYBR Green after each step of elongation. A melting point analysis was finally performed to improve the sensitivity and specificity of amplification reactions detected with the SYBR Green I dye; samples were incubated at 95°C for 0 sec, at 67°C for 15 sec, and then from 67 to 95°C with a transition rate of 0.2°C/sec. Data were analyzed with computer assistance using the LightCycler software.
Immunoprecipitation. Samples containing 200 g of protein from mouse brain, stomach, duodenum, ileum, and proximal and distal colon were removed, and 10 l of goat anti-DAT antibody (Research Diagnostics Inc., Flanders, NJ) was added in a total volume of 50 l. After incubation at 4°C overnight, 20 l of washed UltraLink Immobilized Protein A/G (Pierce, Rockford, IL) was added, followed by incubation at 4°C with gentle agitation overnight. The reaction mixture was washed and centrifuged at 2,000 ϫ g for 2 min, and the supernatant was removed for DAT Western blotting.
Gel electrophoresis and immunoblotting. Tissue was harvested from mouse brain, stomach, duodenum, ileum, and proximal and distal colon, washed with PBS, and homogenized in 300 l of 50 mM Tris buffer, pH 7.4, containing EDTA (1.0 mM), EGTA (2.0 mM), PMSF (1.0 mM), aprotinin (100 g/ml), and leupeptin (100 g/ml). The homogenate was centrifuged at 10,000 ϫ g for 30 min at 4°C to separate a membrane fraction (pellet) from the cytosol. The pellet was solubilized in the same buffer containing Triton X-100 (1.0%). Proteins (50 g) were separated by 8.5% SDS-PAGE. After separation, the proteins were electroblotted onto polyvinylidene difluride membranes and immersed in blocking buffer containing 5% nonfat dry milk in TBS for 30 min at room temperature. The blot was washed with TBS containing 0.05% Tween 20 (TBST) and finally incubated overnight at 4°C with polyclonal primary antibodies to TH, DAT, or actin (Table 2 ) (diluted 1:1000 in 3% nonfat dry milk). After washing in TBST, the blot was incubated with goat HRP-labeled secondary antibodies to rabbit IgG (Vector Laboratories, Burlingame, CA) for 1 hr at room temperature. The blot was washed with TBST and developed with a chemiluminescent substrate (Pierce, Rockford, IL). Extrinsic denervation. The extrinsic innervation was ablated in segments of small intestine in 10 mice. The animals were anesthetized with a subcutaneous injection of a mixture of ketamine (90 mg/kg) and xylazine (5 mg/kg). The depth of anesthesia was monitored by checking the withdrawal reflex evoked by gentle squeezing of a toe with a pair of forceps. The surgical procedure used for denervation was similar to that used previously in the guinea pig small intestine Pan and Gershon, 2000) . Two loops of intestine were denervated in each animal. For each denervation, a loop of ileum supplied by a single mesenteric artery and its branches was selected. On the mesenteric artery, the vessel was manipulated at a site that was 2-3 cm distant from the intestinal wall. All of the nerve fiber bundles at this site that could be seen to follow the mesenteric artery and vein that supplied the loop of the bowel were stripped away using fine forceps under microscopic control. To ablate any nerve fibers that were not severed by this procedure, the pair of vessels on the operation site were painted with a small amount of 80% phenol in distilled water, which was applied by a small swab under microscopic control. The excess phenol was then washed away thoroughly with 0.9% NaCl. The denervated region of the gut was marked by a loose ligature placed around its vascular supply, the bowel was returned to the abdominal cavity, and the abdomen was closed. After surgery, pain was minimized by the subcutaneous administration of buprenorphine (1 mg/ kg). The animals were then allowed to recover from anesthesia and given ad libitum access to food and water. The mice were killed by CO 2 inhalation 1 week after surgery. The two denervated loops of ileum and a single loop of normal small intestine (as control) were removed from each animal and analyzed by RT-PCR and immunocytochemistry. The sympathetic innervation of the gut was used as marker of the extrinsic innervation and was assessed to evaluate the extent of denervation. TH was demonstrated immunohistochemically to visualize the characteristic network of sympathetic terminals in the enteric plexuses. The denervated and control loops of gut were each divided into two equal pieces. One piece of tissue was used for RNA isolation and the other part for immunocytochemistry.
Immunocytochemistry. Segments of ileum and colon of mice and guinea pigs were collected in PBS, to which the muscle relaxant nicardipine was added to prevent spasm (10 Ϫ6 M; Sigma, St. Louis, MO). Preparations were cut open along the mesenteric border, and the contents were flushed out with PBS. If whole mounts were to be prepared, the tissue was pinned flat on balsa wood with the mucosal surface facing down and stretched tautly. Specimens were fixed for 2 hr at room temperature with 4% formaldehye (from paraformaldehyde; pH 7.4) and washed with PBS three times for 10 min. Laminar preparations of the longitudinal muscle with attached myenteric plexus (LM-MP) and of the submucosa were obtained by dissection. Tissue to be sectioned was not stretched and was cryoprotected by infiltration with 30% sucrose in PBS containing 0.1% sodium azide overnight at 4°C. The preparations were embedded in optimal cutting temperature compound (Tissue Tek, Elkhart, IN) and cut at 10 m with a cryostat microtome. Slides were air dried for 1 hr at room temperature. For immunostaining, specimens were permeabilized by incubation with 1% Triton X100 in PBS containing 10% normal rabbit, goat, or lamb serum (depending on the host species used to generate secondary antibodies, to block nonspecific staining) for 30 min at room temperature. Tissues were then incubated overnight with primary antibodies (Table 2 ) at room temperature. After being washed in PBS three times for 10 min, the tissue was incubated with appropriate affinity-purified species-specific secondary antibodies for 1-2 hr at room temperature. To demonstrate the immunoreactivity of DA, the monoamine oxidase (MAO) inhibitor pargyline was injected intraperitoneally (100 g/kg) in mice or guinea pigs 30 min before the animals were killed (Costa and Furness, 1971) or added to the medium (100 ng/ml) of cultured myenteric neurons 1 hr before fixation. A commercial kit (Iso-IHC, Mouse on Mouse kit; InnoGenex, San Ramon, CA), which permits the use of murine antibodies to immunostain mouse tissue, was used to demonstrate DA immunoreactivity in mouse gut. The working concentrations of the secondary antibodies used for immunofluorescence were: biotin-labeled goat anti-human (Molecular Probes, Eugene, OR), goat anti-rabbit Alexa 594 (1:400; Molecular Probes), HPLC analysis of DA and DOPAC. Extrinsically denervated and control loops of ileum (0.5 gm, wet weight) were removed from adult CD-1 mice and homogenized in 0.5 ml 0.4 M perchloric acid (HClO 4 ). The homogenate was then centrifuged at 11,000 ϫ g for 10 min at 4°C. The resulting supernatant was transferred to fresh microcentrifuge tubes and stored at -80°C. The supernatants were used for the assay of DA and DOPAC by HPLC (Waters Associates, Miford, MA) with electrochemical detection (Tamir et al., 1994; Liu et al., 2000) .
Myenteric ganglion isolation. The ganglia of guinea pig ileum were isolated as described previously (Chen et al., 2003) . Briefly, the whole length of ileum was collected in ice-cold Krebs solution. After the gut contents were washed out with Krebs solution, the ileum was kept in ice-cold MEM (Invitrogen, Carlsbad, CA) with 25 mM HEPES (Sigma). The LM-MP was then dissected mechanically from the bowel and incubated at 37°C for 1-2 hr in MEM, to which 1 mg/ml collagenase A (Boehringer Mannheim, Indianapolis, IN) and 1 mg/ml DNase I (Boehringer Mannheim) had been added. Individual myenteric ganglia were collected under microscopic control. Selected ganglia were plated in 2-well chamber slides that had been coated previously with poly-D-lysine (10 mg/ml) and mouse laminin (10 mg/ml) and cultured in a medium consisting of DMEM-F12 (Invitrogen, Gaithersburg, MD) supplemented with 2% FBS (Invitrogen), penicillin-streptomycin (1%), gentamycin (100 mg/ml; Sigma), and fungizone (5.25 mg/ml; Invitrogen ). Mitotic inhibitors [5-fluoro-20-deoxyuridine (10 mM), uridine (10 mM), and cytosine ␤-D-arabinofuranoside (1 mM); Sigma] were added to prevent the growth of non-neuronal cells. After 1 week in vitro, cultures were rinsed with PBS and fixed in 4% formaldehyde (from paraformaldehyde; pH 7.4) for 30 min and processed for immunocytochemistry.
Results
Transcripts encoding TH are found in the mouse gut RT-PCR was used to determine whether RNA extracted from the stomach, duodenum, ileum, and proximal and distal colon contains transcripts encoding TH. The brain was studied at the same time as a positive control. mRNA encoding TH was investigated as a marker for intrinsic catecholaminergic neurons. Noradren- Young et al. (1999) N/A, Not applicable.
ergic and dopaminergic neurons both contain TH; however, the murine bowel does not contain intrinsic noradrenergic neurons. The noradrenergic components of the ENS are extrinsic axons projecting from sympathetic ganglia Keast et al., 1984; Wood, 1999) . Although noradrenergic axons contain TH protein transported from cell bodies, they would not be expected to express mRNA encoding TH. Transcripts encoding TH were found in each of the examined regions of the bowel and in the brain (Fig. 1 A) . mRNA encoding TH was quantified in the different regions of the gut by using real-time PCR to amplify cDNA. The abundance of mRNAs encoding ␤-actin and TH was measured in five regions of the bowel (stomach, duodenum, ileum, and proximal and distal colon) in each of the five mice. The relative quantity of mRNA encoding TH was normalized to that encoding ␤-actin in each region (Fig. 1B) . The relative abundance of mRNA encoding TH did not differ statistically in samples of the stomach, duodenum, ileum, and proximal colon; however, each of these regions contained significantly more mRNA encoding TH than did the distal colon ( p Ͻ 0.02). Because the mature gut lacks noradrenergic neurons, these data are, by elimination, consistent with the idea that a subset of intrinsic cells is dopaminergic.
DAT is expressed in the mouse gut
The expression of transcripts encoding DAT was investigated in the murine bowel because DAT is normally restricted in its expression to dopaminergic neurons (Iversen, 2000) . The gut would, therefore, be expected to express DAT if it contains intrinsic dopaminergic neurons. Prior studies, using RT-PCR, have demonstrated the presence of transcripts encoding DAT in the mouse ileum and colon (Chen et al., 2001 ). These transcripts were found to be absent in transgenic C57BL/6 mice that lack the gene encoding DAT; however, they were found in transgenic C57BL/6 mice that lack the serotonin transporter. We confirmed these observations in the stomach, duodenum, ileum, and proximal and distal colon of CD-1 mice. By using real-time PCR, we then evaluated quantitatively the relative expression of DAT in the stomach, duodenum, ileum, and proximal and distal colon of CD-1 mice (Fig. 2) . mRNA encoding DAT was normalized to that of ␤-actin in each sample (Fig. 2 A) . Because considerable variation was encountered between animals, the values obtained in each region of the bowel were further normalized to those obtained in the duodenum of the same animal to evaluate the relative regional abundance of transcripts encoding DAT (Fig. 2B) . The expression of DAT was found to be significantly higher in the duodenum than in the stomach or distal colon ( p Ͻ 0.05). The relative abundance of mRNA encoding DAT in the intestine, thus, resembled that encoding TH in that it was least abundant in the distal colon. The presence in the gut of transcripts encoding DAT is consistent with the idea that intrinsic dopaminergic neurons exist in the bowel; however, the abundance of transcripts encoding DAT does not precisely parallel that of transcripts encoding TH. To verify that DAT protein, as well as transcripts, are expressed in the bowel, the regional distribution of DAT was analyzed by immunoblotting in the stomach, duodenum, ileum, and proximal and distal colon. TH was studied for comparison, although TH protein in extracts of gut could originate in sympathetic nerves as well as in intrinsic neurons. The brain served as a positive control, and actin was demonstrated as a loading control for the gels. Enteric DAT was concentrated by immunoprecipitation before its analysis by immunoblotting. DAT protein was detected in the stomach, duodenum, ileum, and proximal and distal colon (Fig. 3) .
Coincident expression of TH and DAT immunoreactivities occurs in the ENS
DAT-immunoreactive neurons have been reported previously to be present in both the submucosal and myenteric plexuses of the mouse gut (Chen et al., 2001 ); however, whether or not the DATimmunoreactive neurons in the bowel also contain TH, as would be expected of dopaminergic neurons, was not determined. We, therefore, investigated the extent to which the location of DAT immunoreactivity is coincident with that of TH in the murine ENS. The presence of DAT-immunoeactive neurons in both enteric plexuses was confirmed. DAT-immunoreactive nerve cell bodies were found to be more abundant in the submucosal than the myenteric plexus in both the ileum (Fig. 4 B, E ) and the colon (Fig. 4 G, I ). Varicose terminal axons were also DAT immunoreactive in both plexuses. DAT immunoreactivity coincided with that of TH in the cell bodies of many submucosal neurons and a smaller subset of myenteric neurons in both the ileum (Fig.  4 B-F) and colon (Fig. 4 G-J ) . Especially in the myenteric plexus, the number of varicose TH-immunoreactive axons exceeded that of DAT-immunoreactive axons, although the two markers also appeared to be colocalized in a large subset. Expression of DAT is thought to be restricted to dopaminergic neurons (Lorang et al., 1994; Ciliax et al., 1999; Holzschuh et al., 2001) . DAT expression was investigated immunocytochemically in the celiac ganglion to confirm whether or not pervertebral sympathetic neurons that project to the gut are DAT immunoreactive. No DAT immunoreactivity was detected in the sympathetic neurons of the celiac ganglion (Fig. 4 K) , although these noradrenergic neurons were all TH immunoreactive (Fig. 4 L) . Because sympathetic neurons, thus, express TH but not DAT, the axons in the gut that contained TH, but not DAT, immunoreactivity were probably sympathetic. The enteric TH-immunoreactive cell bodies that also contained DAT, however, were clearly intrinsic and, thus, good candidates to be intrinsic dopaminergic neurons. Another subset of DATimmunoreactive nerve cell bodies was observed in the myenteric plexus, however, that contained no detectable TH immunoreactivity (Fig. 4 I, J ) . The relative numbers of DAT-and THimmunoreactive neurons were quantified in the myenteric and submucosal plexuses of the mouse ileum. Approximately 67% of DAT-immunoreactive myenteric neurons and 64% of DATimmunoreactive submucosal neurons were found to contain TH immunoreactivity (Table 3) , and ϳ58% of TH-immunoreactive myenteric neurons and 65% of TH-immunoreactive submucosal neurons were found to contain DAT immunoreactivity (Table 3) . The neuronal marker, Hu, was used to demonstrate immunocytochemically all enteric neurons in triply labeled preparations to quantify the proportion of enteric neurons that are DAT or TH immunoreactive. DAT-immunoreactive neurons were found to constitute ϳ10% of myenteric and 12% of submucosal neurons, whereas, TH-immunoreactive neurons constituted ϳ9% of myenteric and 13% of submucosal neurons (Table 3) . DAT immunoreactivity was also examined in cryostat sections of the bowel to determine the distribution of DAT-immunoreactive fibers in layers of the gut. No fibers were detected in the muscle layers of the gut or in the mucosa (data not shown). These observations suggest that DAT-immunoreactive axons are confined to the enteric plexuses and that their targets are, thus, likely to be other enteric neurons or axons. 
Coincident expression of DA and DAT immunoreactivities occurs in the ENS
Nerve terminals containing DA immunoreactivity have been reported previously to contact choline acetyltransferaseimmunoreactive neurons in the guinea pig stomach (Shichijo et al., 1997) , and DA-immunoreactive neurons have been observed in the human (Singaram et al., 1995) , but not the mouse, gut. The location of DA immunoreactivity was, therefore, investigated in both the mouse and guinea pig bowel, and the extent to which DA immunoreactivity was coincident with that of DAT was also studied. The guinea pig was examined because the guinea pig ENS has been more thoroughly characterized than that of any other species. In addition, it is relatively easy to isolate and culture myenteric ganglia from guinea pigs to obtain ganglia that are free of extrinsic nerve fibers. DA-immunoreactive nerve cell bodies were found in both the submucosal and myenteric plexuses of the ileum in both mice (Fig. 5A-D ) and guinea pigs ( Fig. 5E-H ). DA and DAT were found to be fully colocalized in neuronal perikaya in both species (over 300 neurons were analyzed in each). To be absolutely certain that the neurons that coexpressed DA and DAT were intrinsic, myenteric ganglia were isolated from the guinea pig ileum and cultured for 1 week before examination. Extrinsic elements of the ENS degenerate under these conditions. DA and DAT immunoreactivities were also found to be completely coincident in the cell bodies of the cultured myenteric neurons (Fig. 6 ). These observations suggest that DA is located in enteric neurons that express DAT and that all enteric DAT is located in intrinsic neurons, in these preparations.
Extrinsic denervation increases the number of detectable TH-immunoreactive neurons in the submucosa plexus
The mouse ileum was subjected to extrinsic denervation to verify that the cells that express TH and DAT are intrinsic cells of the bowel wall and to determine whether the expression of TH by intrinsic neurons is altered by the loss of an extrinsic source of TH. Extrinsic denervation was achieved by compressing perivascular nerves in mesenteric arcades and confirmed by examining the distribution of sympathetic axons in the gut wall. After denervation, both myenteric and submucosal neuronal cell bodies continued to be both TH and DAT immunoreactive (Fig. 7) , although the numbers of such cells were far greater in the submucosal than the myenteric plexus. In contrast, the TH-immunoreactive varicose axons, which form a dense network in the enteric plexuses of control preparations ( Fig. 7 A, E), disappeared after denervation (Fig.  7C ,D,F). Partial denervation was evident in the tissue at the border between fully denervated and normally innervated segments of tissue, forming an easily recognized transitional zone that permitted the precise demarcation of denervated and innervated bowel (Fig. 7B) . DAT-immunoreactive cells also persisted after extrinsic denervation in both the myenteric (Fig. 7G ) and submucosal plexuses (Fig. 7H ) . Surprisingly, TH-immunoreactive nerve cell bodies not only persisted after denervation of the gut, but their numbers increased greatly (Fig. 7 , compare E, F ). The number of TH-immunoreactive neurons in extrinsically denervated segments of submucosal plexus was almost threefold that of the normally innervated segments of the same bowel (Table 4) . In contrast, the total numbers of neurons (measured either per ganglion or per unit area of tissue) were unchanged by denervation. These data suggest that the increase in number of TH-immunoreactive neurons after denervation is unlikely to be attributable to the generation of new neurons from stem cells and is probably the result of increased TH expression by existing neurons, which increases the number of cells that contain enough TH protein to be immunocytochemically detectable.
Extrinsic denervation increases the enteric expression of mRNA encoding TH and DAT
The denervation-induced increase in neurons containing immunocytochemically detectable TH could be explained by a corresponding increase in denervation-induced TH transcription. Alternatively, denervation could unmask a previously sequestered source of preexistent TH. Transcripts encoding TH were, thus, quantified by using real-time RT-PCR in extrinsically denervated and innervated segments of the bowel. Transcripts encoding DAT were also quantified to determine whether changes, if any, were restricted to transcription of TH or whether they extended also to other molecules involved in dopaminergic signaling. Extrinsic denervation of the mouse ileum was found to increase both the amount of mRNA encoding TH and that encoding DAT. RNA was extracted from the denervated and innervated segments of the bowel in eight animals, and real-time PCR was used for quantitation. The normally innervated segment of gut served as a control for the effect of extrinsic denervation in the same animal, and measured quantities of mRNA were normalized to that of ␤-actin in the same samples. The differences, compared by means of a paired t test, were significant both for mRNA encoding TH (control, 0.17 Ϯ 0.05; denervated, 0.45 Ϯ 0.06; p Ͻ 0.03) and DAT (control, 0.040 Ϯ 0.005; denervated, 0.070 Ϯ 0.008; p Ͻ 0.02). These data are consistent with the idea that intrinsic enteric neurons that express both TH and DAT respond to extrinsic denervation by increasing transcription of molecules associated with neurotransmitter biosynthesis and uptake. Conceivably, this upregulation is a compensatory mechanism that helps to mitigate the loss of NE.
Effects of extrinsic denervation on enteric DA and DOPAC
The increased transcription of TH and DAT in the denervated bowel suggests that the content, turnover, or both of DA should rise in the affected region. The levels of DA and its specific metabolite, DOPAC, were, therefore, measured in paired segments of innervated and denervated ileum. The pairs were obtained from the same bowel; however, they were taken from segments of gut that were vascularized by different, nonoverlapping vascular arcades, separated from each other by ϳ5 cm of tissue. Levels of DOPAC and DA were measured in denervated and innervated segments of the bowel in 10 animals. The normally innervated segment of gut served as a control for the effect of extrinsic denervation in the same animal. Extrinsic denervation was found to significantly increase the tissue content of DOPAC in the ileum (control, 0.45 Ϯ 0.12 pmol/mg; denervated, 0.68 Ϯ 0.17; p Ͻ 0.05); however, the increase in the concentration of DA in the same denervated segments of the bowel did not achieve significance (control, 0.16 Ϯ 0.03; denervated, 0.19 Ϯ 0.13). These observations confirm that the majority of the DA in the bowel is not of sympathetic origin because the concentration of DA does not decrease when the sympathetic nerves degenerate. The increased tissue content of DOPAC in the extrinsically denervated bowel is consistent with the idea that the turnover of DA increases after denervation, possibly because dopaminergic neurons become more active; however, as usually occurs when catecholaminergic neurons are stimulated, an increase in transmitter biosynthesis compensates for the stimulation-induced transmitter release to maintain near constancy in the stores of the transmitter (Weiner, 1970; Molinoff and Axelrod, 1971; Iuvone et al., 1978) .
TH neurons are present in transgenic mice that lack mash-1 TH is expressed in catecholaminergic cells in developing ENS during fetal life (Cochard et al., 1978; Teitelman et al., 1978 Teitelman et al., , 1981 Jonakait et al., 1979; Gershon et al., 1984b) . Expression of TH and other catecholamine-related molecules disappears from the rat gut at E15 (Baetge et al., 1990a) and from the mouse gut at E14 (Baetge et al., 1990b) . These molecules disappear because the TC cells that express them are proliferating neuronal precursors that give rise to terminally differentiated neurons, such as those that express 5-HT (Teitelman et al., 1981; Gershon et al., 1984a; Baetge et al., 1990a) and nitric oxide synthase (NOS) (Branchek and Gershon, 1989; Young et al., 1999) , which are not catecholaminergic. TC cells express the transcription factor Mash-1 and fail to develop when mash-1 is deleted (Blaugrund et al., 1996) ; however, the possibility that a second population of catecholaminergic cells develops in the gut later in ontogeny, from Mash-1-independent precursors, after the initial Mash-1-dependent population no longer expresses TH, has not previously been investigated. Because catecholaminergic cells are present in fetal life, we tested the hypothesis that the THexpressing dopaminergic neurons of the mature bowel arise from TC cell precursors. The expression of TH was investigated by immunocytochemistry in the bowel of wild-type (mash-1ϩ/ϩ) and transgenic mice that lack Mash-1 (mash-1Ϫ/Ϫ). The gut was studied in perinatal animals because mash-1Ϫ/Ϫ mice do not survive postnatally. Although TH disappears from the fetal mouse intestine by E14 -E15 (Baetge and Gershon, 1989) , a second late-arising population of TH-immunoreactive neurons was found to be present in the gut of wild-type mice (data not shown).
In contrast to TC cells, which are found in the outer gut mesenchyme, and external to the circular muscle when that layer develops, the late-arising TH-immunoreactive cells were primarily submucosal in location. TH-immunoreactive neurons were found in the intestine both in perinatal mash-1ϩ/ϩ (0.18 cells/ mm 2 ) and perinatal mash-1Ϫ/Ϫ mice (2.1 cells/mm 2 ) (Fig. 8 ). These observations indicate that the hypothesis that TC cells give rise to the dopaminergic neurons of adults can be rejected. They also suggest that a second wave of catecholaminergic neurons, which is independent of mash-1 expression, arises perinatally. The apparent increase in packing density of TH-immunoreactive cells in mash-1Ϫ/Ϫ mice is likely to reflect the absence in these animals of all of those neurons that are derived from TC cell precursors. The bowel of mice that lack mash-1 contains only Mash-1-independent neurons, such as those that contain calcitonin gene-related peptide, but not neurons that are Mash-1 dependent, such as those that contain 5-HT (Blaugrund et al., 1996) .
Discussion
Observations made during the course of the present study strongly support the hypothesis that the gut contains intrinsic dopaminergic neurons. Transcripts encoding the critical biosynthetic enzyme TH are found in the bowel, and a subset of intrinsic enteric neurons is TH immunoreactive. The gut also contains mRNA encoding DAT and DAT-immunoreactive neurons. The immunoreactivities of TH and DAT colocalize in enteric neurons, which persist when enteric ganglia from the guinea pig intestine are cultured, confirming that these neurons are intrinsic. DA immunoreactivity is present in enteric neurons, colocalizes in subsets with the immunoreactivities of TH and DAT, and in cultured neurons, the immunoreactivity of DA is absolutely coincident with that of DAT. Neurons that contain TH and DAT can potentially obtain DA by synthesizing it from tyrosine or by taking it up from the ambient medium. TH is the rate-limiting enzyme in DA biosynthesis, but aromatic L-amino acid decarboxylase is also required to convert L-dihydroxyphenylalanine (L-DOPA) to DA.
Intrinsic neurons of the bowel that contain aromatic L-amino acid decarboxylase have long been known to be present in the ENS. These cells, which were found to be more numerous in the submucosal than the myenteric plexus, were originally called "amine handling neurons" because they synthesize DA from L-DOPA and 5-HT from 5-hydroxytryptophan (Costa et al., 1976; Furness and Costa, 1978; Furness et al., 1980) . The distribution of amine handling neurons (Furness and Costa, 1978) is similar to that of the TH-immunoreactive neurons of the mouse intestine. Because they are DA immunoreactive in the absence of pretreatment with exogenous L-DOPA or DA, the intrinsic neurons found in the current study to contain the immunoreactivities of TH and DAT probably also contain aromatic L-amino acid decarboxylase. These intrinsic TH-, DA-, and DAT-immunoreactive neurons are, thus, likely to have been included in, or identical to, the population of amine handling neurons described previously. Intrinsic enteric neurons, thus, contain DA, contain the enzymes needed to synthesize it from tyrosine, and can inactivate DA (by DAT-mediated reuptake) after its release from stimulated neurons. Given that DA is also released from stimulated enteric neurons (Shichijo et al., 1997) and exerts effects on enteric neurons (Hirst and Silinsky, 1975) and neurites that are identical pharmacologically to those of an endogenous transmitter (Kusunoki et al., 1985) , DA fulfills the criteria necessary to identify it as an enteric neurotransmitter (Iversen, 1979) .
In addition to the neurons in which the immunoreactivities of TH and DAT colocalize, the gut also contains a small number of neurons that contain the immunoreactivity of DAT, but not that of TH; moreover, the relative abundance of transcripts encoding TH and DAT is not identical in all regions of the bowel. It is possible that a subset of noncatecholaminergic enteric neurons contains DAT; however, this possibility is not supported by the observation that every neuron found in vitro to contain DAT also contains DA. Conceivably, the DA in some DAT-expressing neurons reflects the uptake of DA produced by another cell in the cultures. No DA was added to the incubation medium, however, and DA is highly unstable in solutions that lack antioxidants. It, thus, seems more likely that the DA immunoreactivity found in DAT-immunoreactive neurons in vitro reflects the biosynthesis of DA by these cells. Alternatively, DAT could be found in neurons that apparently lack TH if the level of TH were to vary according to physiological circumstances in individual neurons, so as to rise above or fall below the threshold necessary for immunocytochemical detection. If this alternative is correct, then the gut might contain a fixed number of potentially dopaminergic neurons (at least some of which are DAT immunoreactive) that is greater than the number that is demonstrated with antibodies to TH. The number of neurons that are functionally dopaminergic may be submaximal until the bowel is stressed by circumstances that provoke the upregulation of TH.
Extrinsic denervation may be an example of a stimulus that upregulates TH and other molecules related to dopaminergic mechanisms. Extrinsic denervation increases both the abundance of transcripts encoding both TH and DAT in the bowel and leads to a threefold increase in the numbers of demonstrable TH-immunoreactive enteric neurons. These neurons, moreover, appear in the absence of a corresponding increase in the total numbers of neurons in either enteric plexus. The increment in TH-immunoreactive neurons, thus, appears to be the result of recruitment of existing neurons to the dopaminergic phenotype, rather than the de novo genesis of new neurons from stem cells, although stem cells do exist in the mature bowel Kruger et al., 2002) .
The upregulation of TH and DAT induced by extrinsic dener- vation is not accompanied by an increase in the DA concentration of the intestine. Instead, extrinsic denervation leads to an increase in the concentration of DOPAC, the specific metabolite of DA. The persistence of DA and DOPAC in the extrinsically denervated bowel clearly establishes that sympathetic nerves are responsible neither for the bulk of the DA stored in the gut nor for its metabolism by MAO. In contrast, the increase in the metabolism of DA to DOPAC that occurs when sympathetic or other extrinsic nerves are absent is consistent with the idea that extrinsic denervation provokes an increase in the activity of intrinsic dopaminergic neurons. Release and DAT-mediated reuptake of DA by activated neurons would be expected to mobilize sequestered DA from storage vesicles and, thus, enhance its metabolism by promoting exposure of DA to mitochondrial MAO. Increased activity of dopaminergic neurons in other locations has also been found to be associated with increased biosynthesis of DA (Iuvone et al., 1978) , which would account, in the ENS, for the extrinsic denervation-induced upregulation in transcription of TH. Transmitter content normally remains relatively constant in catecholaminergic neurons, despite marked fluctuations in neuronal activity (Weiner, 1970; Molinoff and Axelrod, 1971) . It is not clear how extrinsic denervation increases dopaminergic activity in the ENS. Extrinsic sympathetic nerves are known to decrease the release of ACh from excitatory cholinergic nerve terminals via ␣-2 adrenoceptors (Scheibner et al., 2002) and to evoke IPSPs in submucosal neurons (Wood, 1999) . The effects of DA on enteric neurons have not been investigated thoroughly, but, like NE, DA is known to inhibit the release of ACh from stimulated enteric nerves (Kusunoki et al., 1985) , and DA also mimics the effects on submucosal neurons of NE and sympathetic nerve stimulation (Hirst and Silinsky, 1975) . The net effects on the ENS of DA released from intrinsic dopaminergic neurons and NE released from extrinsic sympathetic nerve terminals may, thus, be similar. If so, the upregulation of dopaminergic mechanisms might help to compensate for the loss of the extrinsic sympathetic innervation. In fact, a previous study noted that extrinsic denervation increases the intestinal content of aromatic amino acid decarboxylase and speculated that sympathetic nerves exert "some restraining influence" on the amine handling neurons that contain this enzyme (Mann et al., 1989) . The mechanism that functionally couples the extrinsic sympathetic and intrinsic dopaminergic innervations of the bowel remains to be determined. Also remaining to be ascertained is the identity of inputs to enteric dopaminergic neurons, the neuroactive substances, if any, that are co-stored with DA, and the enteric circuits in which dopaminergic neurons function.
The development of enteric dopaminergic neurons is somewhat surprising in that they appear to arise independently of the catecholaminergic precursors that are found in the early fetal bowel. These TC precursors, which are mash-1 dependent, proliferate and characteristically give rise to terminally differentiated neurons that are born early in the ontogeny of the bowel, including those that contain 5-HT or NOS (Branchek and Gershon, 1989; Pham et al., 1991; Blaugrund et al., 1996; Young et al., 1999) . Although TC cells express TH, they appear to contain NE rather than DA, and because they specifically take up 3 H-NE (Gershon et al., 1984b) , they evidently express the NE transporter rather than DAT. In contrast, dopaminergic neurons arise perinatally, which is relatively late in the development of the ENS (Pham et al., 1991) , and like other late-developing neurons (Branchek and Gershon, 1989; Pham et al., 1991; Blaugrund et al., 1996; Young et al., 1999) , dopaminergic neurons appear to be mash-1 independent. The function of the expression of catecholaminergic properties in enteric neuronal precursor cells has never been ascertained, although it might be related to a still-tobe-determined developmental role played by NE. Mice that lack TH (Thomas et al., 1995; or DBH (Thomas et al., 1995) exhibit similar patterns of fetal lethality, whereas mice that lack DA, but not NE, are viable . NE, but not DA, is, thus, essential for viability in fetal mice (Thomas et al., 1995) . The necessary role played by NE in fetal development is compatible with the possibility that NE exerts trophic effects during development . If so, then NE from TC cells could be an enteric trophic factor; however, fetal NE may be required simply to maintain heart rate during periods of stress (Portbury et al., 2003) . Whatever the role of NE from TC cells may be, neither NE nor TC cells or their progeny are needed for the development of enteric dopaminergic neurons, which develop normally in the TC cell-deficient bowel of mash-1Ϫ/Ϫ mice.
